Spectral features of the near-band-edge photoluminescence (PL) of submicron-sized ZnO crystals such as nanoplatelets, nanowires, and nanorods grown by an ultrasonic spray pyrolysis (USP) technique were investigated. The measurements of time-integrated and time-resolved PL spectra were performed in the temperature range of 8-300 K under various excitation densities by using the fourth harmonics (4.66 eV) of a Nd:YAG laser. Exciton-related emission bands were clearly observed in the ZnO crystals having different morphologies. In nanoplatelets, an emission band originating from radiative recombination of donor-acceptor pairs was also found at around 3.17 eV, indicating the existence of acceptor centers. The binding energies of donor and acceptor were about 53 and 200 meV, respectively. In nanowires, the intensity of an emission band peaking at 3.32 eV obeyed a quadratic dependency on the density of excitation. This fact shows that an inelastic exciton-exciton scattering process is efficient in the nanowires because of high crystal quality.
Introduction
ZnO, an environment-friendly material, is a promising candidate for exciton-related optoelectronic devices in the ultraviolet region, and it is also applicable to the devices based on reduced dimensional quantum effect because it can be grown in various crystalline forms with submicron size such as whiskers, nanobelts, nanorods, nanowires, nanoplatelets, and so on. In the previous paper, we reported on direct fabrication of single crystalline ZnO submicron structures called nanoplatelets, nanowires, and nanorods by an economically viable ultrasonic spray pyrolysis (USP) technique. 1) Utilizing this method, significant changes of the crystal morphologies were realized in a controllable manner by adjusting the nature of precursor solution and the growth temperature.
The present paper is concerned with the photoluminescence (PL) properties of submicron-sized ZnO crystals prepared by USP. In nanoplatelets, the existence of acceptor centers is revealed from the observation of donor-acceptor pair luminescence. An inelastic exciton-exciton scattering process is confirmed in nanowires. Based on these results, we discuss the crystal quality of our submicron-sized ZnO crystals.
Experimental Procedure
The ZnO nanoplatelets, nanowires, and nanorods used in the present study were synthesized by the USP technique. 1) The preparation conditions and physical dimensions of the three different types of samples (A, B, and C) investigated in this experiment are summarized in Table I . Surface morphologies of the samples were observed by using a field emission scanning electron microscope (FE-SEM; Hitachi S-4100). The chemical composition of each sample was analyzed by an X-ray photoelectron spectroscope (XPS; Surface Science Instruments S-probe 7339, Al Kα 1486.6 eV source).
For time-resolved PL measurements, the fourth harmonics (4.66 eV) of a Q-switched Nd:YAG laser was used as an excitation light source. The pulse width, repetition rate, and excitaion energy were 7 ns, 10 Hz, and 3 mJ, respectively. An electronic synchronization technique was applied by using a * E-mail address: s06t215@shinshu-u.ac.jp digital delay-pulse generator (BNC Model 555).
2) The time jitter of the system was ± 20 ns. The sample was placed inside a temperature-variable cryostat (8-300 K). PL from the sample was dispersed by a 0.32 m monochromator and detected by a gated intensified charge-coupled device (ICCD) camera (Hamamatsu C5909-06). The spectral resolution of the detection system was about 0.5 nm. The excitation power density of laser light was varied using a suitable combination of attenuator meshes. In this paper, the PL spectra measured at a delay time (τ D ) of 0 ns and a gate width (∆t) of 1 µs correspond to the time-integrated spectra, because all the emission bands exhibited decay times that were shorter than 0.1 µs.
Results and Discussion
The surface morphology of the three samples is shown in Figs. 1(a) to 1(c), respectively. It is found that the crystallographic directions and the growth orientations of these submicron structures are distributed randomly. Based on the analyses utilizing transmission electron microscopy and electron diffraction, we reported that the crystallographic directions of the wires and rods are in the [0001], [1010] , and [1120] axes of the wurtzite structure and the crystallographic planes of the nanoplatelets are parallel to the (0001) plane.
1) These submicron-sized crystals were confirmed to be monocrystalline.
The results of the chemical composition of samples evaluated by XPS analysis are shown in Table I . It appears that the incorporation of indium impurity in sample C is fairly higher than that in sample B. This is likely due to enhancement of the diffusion of indium species into the wurtzite crystal lattice at higher growth temperatures. By addition of ammonium acetate in the precursor solutions, doping of nitrogen acceptor impurities in the samples is naturally expectable. However, we could not detect the presence of nitrogen impurities by XPS analysis, since the amount of diffused nitrogen impurities into the samples was much smaller than the detectable level.
The time-integrated PL spectra of sample A (nanoplatelets) taken at 8 K under various excitation densities, the average power of which were 0.5, 1.3, 3.2, 8.0, and 20 mW/cm 2 , respectively, are shown in Fig. 2 . At low-density excitation of 0.5 mW/cm 2 , a sharp luminescence band located at 3.36 eV with a full width at half maximum (FWHM) of about 18 meV is seen, although the free exciton emission, which is located at 3.377 eV, 3) is not resolved. From the peak energy of 3.36 eV, we consider that this band is originated from the recombination of excitons bound to neutral donor (D o X) and/or neutral acceptor (A o X) impurities, which we call bound exciton complexes (denoted as BECs) as reported in literature. 4, 5) In sample A, unintentionally diffused hydrogen and nitrogen species could be the chemical origins of these donor and acceptor centers for BECs, respectively. The energy separation between the D o X and A o X luminescence is known to be very small (≤ 10 meV). 5, 6) Hence, it is difficult to obtain clearlyresolved BEC spectra (i.e., identification of the D o X and A o X bands) from the samples having randomly orientated crystallographic planes shown in Fig. 1 . A very weak emission band, which is considered to be the longitudinal phonon replica of BEC (denoted as BEC-1LO), is also observed at 3.27 eV.
Another emission band is seen on the lower energy side of the BEC band. Its peak energy is about 40 meV smaller than that of the BEC band. This is the region where the twoelectron satellite (denoted as TES) transition of the D o X is expected to take place. 3, 6, 7) In such a transition process, the radiative recombination of a D o X complex transfers its donor electron from the 1s ground state into an excited state such as the 2s, 2p, etc. In the effective-mass approximation, the energy difference between the D o X complex and its corresponding TES transition is equivalent to the difference between the donor energies in its excited states, which is 3/4 of the donor binding energy. 7) Applying this argument, we can obtain the related donor binding energy from the peak position of the TES transition. For sample A, the donor binding energy is estimated to be about 53 meV, in good agreement with the earlier experiments. 3, 6, 7) In Fig. 2 , a broad PL band appears around 3.17 eV as the density of excitation is increased to 1.3 mW/cm 2 . We attribute this band to the luminescence due to the recombination of donor-acceptor pairs (denoted as DAP), since its peak energy shifts towards the higher energy side under higher densities of excitation. This is one of the well-known features of the DAP luminescence. 8) Teke et al. reported the observation of a clearly resolved DAP band together with its corresponding LO-phonon replicas located successively on the lower energy side by separation of about 72 meV in single crystal ZnO. 3) However, other groups 9, 10) have observed a broad DAP band that is similar to our case. One reason for such band broadening could be due to the difference in the saturation of close pairs. 11) Since the DAP band is composed of a large number of overlaping emission bands originating from the recombination of donor-acceptor pairs with a wide range of intra-pair separation, it is quite difficult to separate these emission bands under steady-state excitation.
The energy of photons resulting from the radiative recombination of DAP is given by 12) 
where E g is the band gap energy, E By using E(r DA ) ≈ 3.2 eV, E g ≈ 3.438 eV, 7) and
7)
The radiative recombination rate of DAP luminescence is usually expressed by 11) 
where W o is the constant and r B is the Bohr radius of the shallower state. This equation means that the radiative decay time (= 1/W) of low photon energies (large r DA ) is longer than that of high photon energies (small r DA ). The DAP emission spectrum is thus expected to red-shift with increasing the delay time. 12) This expectation was also confirmed in our timeresolved experiment on sample A. The result is presented in Fig. 3 . No energy shifting in the BEC, TES, and the corresponding LO-phonon bands is found, while the DAP band remarkably red-shifts as the delay time is increased. From Fig. 3 , the decay times of DAP luminescence, at which the intensity is decreased to 50% of the initial value, are roughly estimated to be 10 ns and 100 ns near 3.2 eV and 2.9 eV, respectively. The value of 10 ns is somewhat longer than the value (5.5 ns) of DAP luminescence at 3.232 eV observed by Xiong et al. 13) The decay times of BEC and TES bands are less than 10 ns, which are much longer than those reported in references 3 and 14. This could be due to the difference in the sample condition and/or excitation intensity.
The observation of DAP band is a clear proof of the existence of acceptor centers together with donor centers in this sample. If considerable amount of unintentionally incorporated donor impurities such as interstitial zinc or hydrogen species in the sample can be suppressed during the crystal growth, the formation of p-type conductivity is expectable by using our low-cost USP technique. In fact, Vlasenflin and Tanaka have very recently reported on the formation of p-type conduction in ZnO:N,P films prepared by the USP technique, after the post-annealing treatment. 15 ) Figure 4 shows the temperature dependent PL spectra of sample A measured under the excitation density of 8 mW/cm 2 . Due to thermal dissociation of excitons from the complexes, the intensity of BEC band decreases rapidly as the lattice temperature increases. When the lattice temperature becomes higher than 100 K, the BEC band overlaps with the TES band. The disappearance of the TES band is fairly similar to that of the BEC band. This corresponds to the fact that the TES band cannot exist without its primitive BEC emission.
The time-integrated PL spectra of sample B (nanowires) taken under various excitation densities at 8 K are shown in Fig. 5 . A sharp 3.36 eV band arising from the BEC is dominant at low-density excitation of 0.5 mW/cm 2 . In this sample, indium impurities could be the chemical origin for the neutral donor centers. An emission band (denoted as P) centered at 3.32 eV emerges as the excitation density is increased. A very weak and broad band corresponding to the LO-phonon replica is also observable at around 3.27 eV. The DAP band observed in sample A (nanoplatelets) does not appear in this sample (nanowires). This is probably because the incorporation of indium impurities as donor centers suppresses the formation of acceptor centers, leading to the disappearance of the DAP emission. By assuming that the spectral shape of BEC and P bands has a Gaussian distribution, the dependence of individual PL intensities on the excitation density was determined. The result is presented in Fig. 6 . The BEC band follows a linear dependence on the excitation intensity, while the P band exhibits a superlinear relationship with the exponent of 2. This kind of quadratic dependence of the P band is well explained in terms of an inelastic scattering process between two excitons, in which one exciton recombines radiatively while the other is scattered under energy and momentum conservation into a higher state (n > 1) or into the continuum. Another distinct feature of the inelastic exciton-exciton scattering process is that the emission maximum of the luminescence band shifts towards the lower energy side with the increase of excitation density. 16) This behavior was also confirmed in sample B, as depicted by a curve with filled triangles in Fig. 6 . The observation of the P band has been reported in high-quality epitaxial thin films. 17, 18) It can, therefore, be said that the crystal quality of nanowires grown by USP technique is high enough or, at least, comparable to those prepared by the epitaxial technique. Figure 7 shows the excitation-density dependent PL spectra of sample C (nanorods) at 8 K. At low-density excitation of 0.5 mW/cm 2 , an emission band is observed at around 3.36 eV. By comparing this band with the BEC band in sample B [spectrum (a) in Fig. 5] , it is recognized that the FWHM broadens to about 3 times (60 meV), with a band tailing on the low-energy side. As the excitation density increases, the emission maximum of the band shifts towards the lower energy side, as in the case of the P band in sample B. However, the quadratic dependency on the excitation density was not obvious. The reduction of such nonlinear optical process in sample C is related by two facts: the incorporation of indium impurities is too much (about 1 at. %) and the growth rate is relatively fast. We found that sample C is grown in bulky structure compared to sample B [see Figs. 1 (b) and 1 (c) ], although the growth period is the same. These facts suggest that the crystal lattice of bulky nanorods in sample C is largely disordered due to a large amount of indium impurities and deformed due to the formation of dislocations and defects during the rapid crystal growth. Hence, there is a strong possibility that the excitons are quickly captured by lattice imperfections in sample C, resulting in the reduction of the exciton-exciton scattering process.
Conclusions
The spectral features of the near-band-edge PL of submicron-sized ZnO crystals grown by USP were studied by using a time-resolved luminescence technique. In our growth technique, the morphologies of crystals were influenced by the incorporation of indium catalyst and the growth temperature. The difference in PL spectra of submicron-sized ZnO crystals were mainly due to the indium impurity content. In nanoplatelets, a sharp emission band due to BECs, centered at 3.36 eV, was observed together with its TES emission band. The nanoplatelets also exhibited a broad band at around 3.17 eV, which was identified as the emission originating from the radiative recombination of DAPs. The presence of DAP emission indicates the existence of acceptor centers together with donor centers in the nanoplatelets. The binding energies of donor and acceptor were estimated to be about 53 and 200 meV, respectively. The nanowires exhibited the P band originating from an inelastic exciton-exciton scattering process. Its emission intensity enhanced quadratically against the excitation density. The band broadening was found in PL spectra of nanorods. From the observation of exciton-related luminescence bands described above, it is concluded that the crystal quality of submicron-sized ZnO crystals (especially, nanoplatelets and nanowires) prepared by USP technique is good enough for applications such as optical devices using reduced dimensional quantum effect of excitons. 6 . A log-log plot of the integrated PL intensity for each band against the excitation density (I exe ) in sample B. Symbols (•) and ( ) represent the integrated PL intensity of the BEC band (I BEC ) and P band (I P ), respectively. Symbol ( ) is the emission peak (E p ) of the P band.
